The quanta1 nature of synaptic depression produced by high frequency stimulations has been analyzed at a central synapse for the first time. Simultaneous intracellular recordings were obtained from the Mauthner cell and adjacent identifiable inhibitory interneurons. The presynaptic cells were stimulated at frequencies from 2 to 33 Hz, and the corresponding release parameters were determined using a computational procedure described elsewhere (Kern, H., A. Triller, A. Mallet, and D. S. Faber (1981) Science 213: 898-901). As in our previous studies, these entities were correlated with histological features of the neurons following systematic horseradish peroxidase injections and reconstructions. Evidence was obtained that, in the range of physiological conditions used, the binomial parameter rz (number of available quanta for release) remains constant; thus every synaptic bouton continues to function as an independent all-or-none releasing unit. The progressive reduction in amplitude of postsynaptic potentials can be attributed solely to a lower probability of release, as shown by the fall of the binomial parameter p. This evidence supports the concept that p is a critical variable for short-term modifications of synaptic efficacy and may provide insight for instances of synaptic plasticity underlying those behavioral changes which can be attributed to presynaptic loci. The present study also represents a necessary step toward linking mathematical variables of models for transmitter exocytosis with subcellular events.
In the case of the extensively studied gill withdrawal reflex of Aplysia, the decrease in intensity of a reflex response during habituation and, conversely, its facilitation are due to prolonged changes in synaptic strength achieved by regulating the amount of chemical transmitter released from synaptic terminals of specific neurons (Kandel and Schwartz, 1982) . A simpler paradigm for altered synaptic transmission is the frequency-dependent depression, where the postsynaptic response to a test stimulus is smaller than that evoked by one or more conditioning stimuli. Nevertheless, this depression, which occurs at the neuromuscular junction (Eccles et al., 1941; Lundberg and Quilisch, 1953) and at neuronal synapses of vertebrates (Curtis and Eccles, 1960; Kuno, 1964) , has features in common with behavioral habituation and facilitation, as it also has a purely presynaptic origin (Otsuka et al., 1962; Thies, 1965 ' To whom correspondence should be addressed. models of exocytosis remains unresolved: do the mechanisms by which transmitter output is regulated operate on the number, n, of quanta1 units available for release or on the probability of release of the quanta, expressed by the parameter p?
We have studied frequency-dependent depression at the Mauthner (M) cell inhibitory synapses (Faber and Korn, 1982) , a favorable preparation in which (i) the major difficulties which previously limited quanta1 analysis of synaptic potentials in the CNS have been overcome (Korn et al., 1981 (Korn et al., , 1982 , (ii) pharmacological manipulation of release is not required, and (iii) complications encountered in other systems, such as superimposed facilitatory process (ref. in Eccles, 1964) and variable failure of impulse propagation in the presynaptic axonal tree (Hatt and Smith, 1976) are not pertinent. Consequently, we have been able to demonstrate, earlier, that at identified synapses, each terminal bouton functions in an all-or-none manner since their total equals the binomial parameter n (Korn et al., 1981 (Korn et al., , 1982 . We report that when presynaptic neurons are stimulated at higher frequencies, but within their normal range of activation (Faber and Korn, 1978) , the n and the quanta1 size, 4, remain constant. In contrast, the fall of mean quanta1 content, m, results solely from a decrease in the probability of release, p, which thus appears to be the modifiable presynaptic variable governing synaptic efficacy under physiological conditions. This finding clarifies data obtained at other junctions and opens the possibility for molecular models of exocytosis where the release probability may have a physical correlate.
Methods and Results
Experiments combining computational procedures with systematic reconstruction of dye-injected presynaptic neurons were performed on goldfish (Carassius auratus) anesthetized with MS-222. The experimental system for gathering the electrophysiological and morphological data is represented diagrammatically in Figure  1A . Recordings from the M cell soma were made with KCl-filled microelectrodes in order to convert inhibitory postsynaptic potentials (IPSPs) into depolarizing responses, as illustrated in Figure 1 , B and C, which shows the full-sized collateral IPSP (Fig. 1B) evoked by antidromic stimulation of the M axon at the level of the spinal cord and fluctuating unitary IPSPs (Fig. 1C) produced by direct stimulation of a single presynaptic neuron (PHP cell). In each preparation, one cell belonging to either the iM cell's collateral network (Korn et al., 19%) or a class of commissural vestibular interneurons (Zottoli and Faber, 1980; Triller and Korn, 1981) , was identified by the presence of a passive hyperpolarizing potential (Faber and Korn, 1978) and was also impaled with a microelectrode filled with horseradish peroxidase (HRP) for intracellular stimulation and dye injection. Techniques for serially reconstructing stained cells were the same as those used before (Korn et al., 1981; Triller and Korn, 1982a) . The response fluctuations were analyzed with a program which was developed for a MINC computer and determined the best fitting binomial description of the histogram of the evoked responses, taking into consideration contributions of background noise. That is, the algorithm involved a free search for the optimal combination of rz, p, and q. Extraction of these binomial parameters is a problem of constraint deconvolution requiring the definition of a goodness-of-fit criterion, which was chosen as the likelihood criterion. The theoretical formulation and the principles of this fluctuation analysis and the limitations of the parametric estimates have been described extensively (Korn et al., 1981 (Korn et al., , 1982 . In addition, since the amplitudes of the b- fluctuating evoked responses were sometimes a signifithe presynaptic cell was stained. Special attention was cant fraction of the Cl-driving force, corrections for given to the stability of the presynaptic spikes and to the nonlinear summation of quanta1 components (Martin, stationarity (McLachlan, 1975) of the postsynaptic 1955) were employed systematically: as described previevoked potentials. First, since this depression reaches its ously, the amplitude of the driving force is approximately maximum nearly instantaneously, the first five responses twice that of the full-sized collateral IPSP (Faber and of each series were neglected, and a second, data recorded Korn, 1982) .
during the steady-state conditions were grouped into Each of the I2 experiments analyzed here was con-subsamples of 50 responses each, for a statistical analysis ducted in the same manner. Because, in this system, of their variance. Thus, in the experiments of Figures 1 depression is not observed at stimulation frequencies and 2, successive subsamples at 2 Hz averaged 1.06 f. inferior to 3 Hz (Faber and Korn, 1982) Amplitude of responses, mV Figure 2 . Binomial parameters rz, p, and q during synaptic depression (same experiment as in Fig. 1) . A, Computer-averaged IPSPs (n = 16) recorded in the M cell as the presynaptic inhibitory neuron was stimulated at different frequencies. Calculated on more than 150 counts, the mean amplitude of the evoked responses, which was about 1.01 f 0.27 mV at the rate of 2 Hz (upper truce) fell progressively as the stimulus rate was increased to the indicated values (lower traces). B, Schematic representation of the reconstructed presynaptic cell's terminals. This commissural (Comm.) neuron established 14 synaptic boutons (solid circles) in relation with the M cell soma (thick line). C, Comparison of the probability density functions and best fits obtained with a binomial model, using 159 counts at 2 Hz (upper diagram) and 250 counts at 33 Hz (lower diagram). Note that synaptic depression was essentially associated with a lower probability of release, p, whereas n and q remained almost constant (Kolmogorov test satisfied with p > 0.09 or above, and p > 0.05 or below). Vol. 4, No. I, Jan. 1984 tive of the two major results obtained in this work, namely, that the decrease in the average postsynaptic response was associated with a decrease in p and an unchanged n. In this case, a commissural neuron establishing 14 terminal boutons on the M cell soma or dendrites (Fig. 2Z3 ) was stimulated. For more than 150 sweeps in each case, the mean postsynaptic response, which was 1.01 f 0.27 mV at 2 Hz, fell to 0.80 f 0.29 mV, 0.68 f 0.27 mV, and 0.63 f 0.28 mV as the stimulus rate was increased to 10,20, and 33 Hz, respectively. The binomial statistics indicated that, for the lowest and highest frequencies n changed a little, from 14 to 15, respectively, while the release parameter p was reduced from 0.44 to 0.25, with the quanta1 size q averaging 170 PV in both cases. Thus, all of the synaptic boutons remained functional under conditions of high frequency stimulation, and decreased transmitter output could be accounted for by a lower probability of release.
The observation that only p is frequency dependent can be generalized to all of the experiments of the series, as shown by examples from another five of them, which are presented in Table I in order to emphasize the constancy of our findings, and as further indicated by the plots of normalized rz, p, and q in Figure 3 . The number of stained terminals ranged from 3 to 18, and in each experiment the binomial n of the best fit and the histological n were essentially equivalent at all frequencies tested, as expressed by their mean ratio. Similarly, the quanta1 size q remained remarkably stable and averaged 1.43 + 0.03% of the full collateral IPSP; that is, less than 1% of the driving force, as already observed earlier (Korn et al., 1982) . This observation of a constant quanta1 size is in agreement with that of others (de1 Castillo and Katz, 1954; Dude1 and Kuffler, 1961; Kuno, 1964) and confirms the notion that apparent increases in 4 rather reflect greater contributions of noise and measurement errors when postsynaptic potentials become smaller, or occasional shifts toward a Poisson representation when p is drastically reduced (see Korn et al., 1982, Table I , for comparison of binomial and Poisson fits of the same data).
The mean values of p were 0.56 + 0.14 (range 0.75 to 0.33), 0.43 + 0.09 (range 0.62 to 0.31), 0.33 k 0.09 (range 0.46 to 0.21), and 0.25 + 0.05 (range 0.35 to 0.19) at 2, 10, 20, and 33 Hz, respectively. Whether p was normalized or expressed in absolute value, its frequency dependence fit an exponential curve with p = p. c-i + 0.15, although this relation was determined with a limited number of frequencies. Thus, there was a minimal probability around 0.15, which is consistent with several experiments at higher frequencies where p reached a plateau of about 0.12.
Discussion
We previously reported (Korn et al., 1981 (Korn et al., , 1982 that there is a striking equivalence between the binomial term n and the number of stained boutons, or more specifically, the number of presynaptic grids present in the terminals of the investigated neurons, since ultrastructural studies have shown that there is only one grid per bouton (Triller and Korn, 1982a) . The stability of rz during depression is consistent with this identity and indicates that the underlying molecular mechanisms do not function to suppress individual boutons, but to regulate p in a graded fashion. Although the Poisson model does not distinguish n and p as separate entities, but Frequency of stimulation (Hz) Figure 3 . Relative changes in the statistics of transmitter release during depression, as observed in 12 experiments. Upper diagram, Plot of the mean normalized number of units available for release, represented by the ratio bin nf/hist. n, which is the ratio between the computer-estimated n at each of the indicated frequencies and the histologically determined number of synaptic boutons. Middle diagram, Plot of the mean normalized quantum size, represented by qf/q2; i.e., by the ratio between the size of the quanta at each frequency and its control value at 2 Hz. Lower diagrams, Mean probability of release, normalized to its control value (p,/p,, solid line) or represented in absolute value (p, dashed line). Vertical bars indicate standard deviations of the means.
rather provides a value for the np product or mean events at mature synapses. Also, decreases of both p and quanta1 content, previous investigators did use it to n (Betz, 1970; Christensen and Martin, 1970; Mc- conclude indirectly that p is reduced during depression Lachlan, 1975) or of n alone (Bennett et al., 1976) were (de1 Castillo and Katz, 1954; Dude1 and Kuffler, 1961 ; due to depletion produced by prolonged stimulations in Kuno, 1964) by assuming that n remains constant when rather nonphysiological conditions (p then falling as the np drops. Binomial analysis of the reduction in m by low size of the available quanta is reduced; McLachlan, 1975) . calcium also indicated thatp alone varied (Wernig, 1972) . Finally, the increase in n preceding that of p during Although other reports seem to be in contradiction with facilitation (Bennett et al., 1976 ) supports our conclusion our finding, it should be pointed out that a decrease of n since it was interpreted as indicating that more active alone at the developing neuromuscular junction (Bennett sites became active, their maximum corresponding, as in and Florin, 1974) is not necessarily indicative about our preparation, to the number of the nerve's terminal Vol. 4, No. 1, Jan. 1984 varicosities. Thus, the conclusions drawn from the M cell model can indeed be generalized to other systems in which short-term changes in synaptic efficacy are also due to the regulation of transmitter release.
The mechanism for reducing p could be accomplished in a number of ways. For example, it could be due to an active calcium-dependent process sensitive primarily to Ca'+ influx, rather than to [Ca'+]i, which presumably increases during repetitive stimulation. Certainly, this concept is consistent with observations that fatigue disappears once transmission is depressed by lowering [Ca"lo (Takeuchi, 1958; Thies, 1965; Taschiro et al., 1976) . In view of our results indicating that, at the M cell's inhibitory synapses, at most, one vesicle is released following each presynaptic impulse (Korn et al., 1981 (Korn et al., , 1982 , it is possible that a decrease in p reflects a transient refractoriness of the release sites (Betz, 1970) , or, in other words, partial recovery of a release mechanism which had been temporarily blocked by the preceding exocytotic event, particularly since there appears to be a deformation of the presynaptic grid after exocytosis (Triller and Korn, 1982a, b) .
